Objective: To elucidate the long-term outcomes of pituitary adenomas diagnosed in childhood and adolescence, knowledge of which remains sparse. Design and methods: A retrospective review of patients aged %21 years at diagnosis of pituitary adenoma, attending a neuroendocrine service in Liverpool, UK, between 1984. Results: There were 41 patients (33 female), mean age at diagnosis 17.3 years (range 11-21) and mean follow-up 9.6 years; 29 patients had prolactinomas (15 macroprolactinomas), 6 non-functioning pituitary adenomas (NFPAs), 5 Cushing's disease (CD) and 1 acromegaly. All prolactinoma patients received dopamine agonists (DAs) and three also underwent pituitary surgery. Furthermore, ten patients underwent surgery: five with CD, one with acromegaly and four with NFPA. Four received radiotherapy after surgery. Another ten patients received hormone replacement: nine hydrocortisone, five thyroxine, seven sex steroids and five GH; another seven had severe asymptomatic GH deficiency. Three female patients were treated for infertility (two successfully). Thirteen patients gained significant weight (body mass index (BMI) increase O2 kg/m 2 ) since diagnosis and 16 in total are now obese (BMIO30 kg/m 2 ). Five were treated with orlistat and one attended a weight management service. Two received antihypertensive medications, two had type 2 diabetes and four were treated for dyslipidaemia. Conclusions: This is one of the largest reviews of patients aged 21 or younger at diagnosis of pituitary adenoma followed up by a single service. Two-thirds had prolactinomas, all were treated with DAs and three underwent surgery. Increased cardiovascular risk factors (obesity and dyslipidaemia) and infertility are important sequelae and active identification and treatment are necessary.
Introduction
Pituitary adenomas are uncommon in childhood and adolescence, accounting for !3% of childhood supratentorial tumours (1) and between 3 and 6% of all surgically treated adenomas (2) . Previous studies have typically been small (%21 cases (2-5)), with the exception of a few larger studies with 26-44 patients (6) (7) (8) (9) , which often comprised of patients from multiple centres. The two largest studies (containing 136 (10) and 150 (11) patients) have described children with adenomas who have undergone surgery and represent a different patient group. Additionally, the definition of adolescence is variable between studies, with the upper limit for age ranging from 17 to 20 years. Owing to the ambiguity in defining adolescence and the fact that symptoms related to pituitary adenomas have been reported to begin 2-5 years before diagnosis (6, 12, 13) , we retrospectively reviewed the hospital records of patients who were diagnosed with a pituitary adenoma up until the age of 21.
Previous studies have tended to report either the clinical features at presentation (2, 8, 11) or the results of surgery (3, 10, 14) with outcomes described in terms of visual field deficits, normalisation of hormones (in secreting tumours), loss of pituitary hormone function, remission/cure or the need for further treatment (radiotherapy or repeat surgery) for residual tumour (6, 7) . In addition to these factors, we were also interested in investigating long-term sequelae, such as impaired fertility, which has been described in both adult patients with pituitary adenomas (15) and in those with hypopituitarism from various causes (e.g. adenomas, craniopharyngiomas, and Rathke's cleft cysts) (16) , as well as in female survivors of childhood cancer who had received R30 Gy dose of radiation to the hypothalamic/pituitary axis (17) .
A worrying trend towards premature mortality has been reported in patients with hypopituitarism, secondary to increased cardiovascular and cerebrovascular events. One study found the largest increases in mortality in females, patients diagnosed at a young age and those treated with radiotherapy (18) . In addition, many adults with hypopituitarism have multiple cardiovascular risk factors such as obesity, dyslipidaemia and hypertension (19, 20) .
The aims of our study were dual: i) to describe the presentation, management and subsequent treatment outcomes of children and adolescents diagnosed with a pituitary adenoma in a joint neuroendocrine setting and followed up by a single service and ii) to assess longterm outcomes in terms of endocrine status (including fertility) and cardiovascular risk.
Subjects and methods

Subjects
The hospital records of patients aged %21 years at diagnosis of pituitary adenoma were retrospectively reviewed. All had attended either the paediatric endocrine clinic at the local tertiary children's hospital (Alder Hey Children's Hospital) with subsequent referral on to the adult clinic or the joint neuroendocrine clinic run at University Hospital Aintree and the Walton Centre for Neurology and Neurosurgery (all in Liverpool, UK), with care provided as a single continuous service, between 1984 and 2009.
Methods
Clinical history, including presenting features, physical examination, auxology, body mass index (BMI) and baseline hormone results, were obtained where available. Mode of treatment was also assessed and classified as either medical, surgical or both. Ongoing endocrine problems, such as weight gain, GH deficiency (GHD), panhypopituitarism and infertility, were reviewed, along with current medical and drug histories.
Severe GHD in childhood was defined as peak GH !5 mg/l on two separate tests (either glucagon stimulation test, insulin tolerance test or arginine test) in patients aged 16 or under, who were still growing. Severe adult-onset GHD was diagnosed in patients aged 17 or over, who had completed growth, with a peak GH !3 mg/l on glucagon stimulation test. Visual fields were assessed in a single, dedicated neuro-ophthalmology unit using Goldmann perimetry, a manual kinetic visual field test.
Statistical analysis
Comparisons between groups were made with Student's t-test or with Mann-Whitney's U test where appropriate. Data were analysed using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA).
Results
There were 41 patients (33 female). Mean age at diagnosis was 17.3 years (median 17, range 11-21) and mean current age 26.9 years (median 26, range . Mean follow-up was 9.6 years (range 0.1-26). All patients had symptoms at presentation, with no adenomas being discovered co-incidentally (Table 1) . Two patients had MEN1 syndrome (one diagnosed clinically with a prolactinoma and hyperparathyroidism and a family history of MEN1; the other patient with a prolactinoma was diagnosed on genetic testing and also had a family history of MEN1; the first patient had surgery for hyperparathyroidism, a jejunal leiomyoma, a gastrinoma and a pancreatic lesion and the other has a pancreatic body tumour and mild 
Prolactinomas (nZ29)
Of the 29 patients with prolactinoma (Table 2) , only 1 was male. Their mean age at diagnosis was 18 years with mean prolactin at diagnosis 10 238 mU/l (median 4220 mU/l) and mean prolactin on dopamine agonists (DAs) 1073 mU/l. The one male patient presented with pituitary apoplexy, with symptoms of headache, left hemianopia and right 3rd cranial nerve palsy. Only one patient presented with short stature (height SDS K2.4).
Review of the available imaging at the time of presentation of the 15 patients with macroprolactinomas revealed that in only 3 patients the tumour was impinging on the optic chiasm and all 3 had visual field deficits detected by Goldmann perimetry. In the other cases there was no radiological evidence of anatomical proximity of the tumour to the optic chiasm to cause concerns over threat to vision. All patients received DAs: ten bromocriptine only, eight cabergoline only, ten patients had been treated with both and one patient had been treated with quinagolide. Nine were switched to cabergoline from bromocriptine due to side effects or poor prolactin response and one was switched from cabergoline to bromocriptine as she was planning pregnancy. Median dose of bromocriptine was 10 mg/day (range 5-20 mg/day) and median dose of cabergoline 2 mg/week (range 0.5-4.5 mg/week). Three patients underwent surgery: two by transsphenoidal approach and one had a craniotomy. The indications for surgery were visual field deficits in two patients (one persisting despite DAs and the other presented with acute pituitary apoplexy) and exploration of a lesion suspicious for pituitary adenoma in another patient (this patient presented in 1988 when only lower resolution computed tomography (CT) scanning was available).
Cushing's disease (nZ5)
Five patients had Cushing's disease (CD) (four microadenomas; Table 3 ). Mean age at diagnosis was 13.8 years (median 15). All reported significant weight gain and recent slow growth. All underwent transsphenoidal surgery (TSS), following which clinical and biochemical remission were achieved. Two patients relapsed (one 24 months and another 88 months post surgery) and required repeat surgery and one received fractionated conventional radiotherapy after undergoing a 3rd TSS Other pituitary adenomas (nZ7)
One male patient (aged 20) with acromegaly presented with apoplexy (visual field deficits and seizures). Tall stature was noted, but baseline GH levels were not available. He was treated with craniotomy and conventional fractionated radiotherapy and GH is now within the normal range (0.7 mg/l), with insulin-like growth factor 1 -16 ng/ml. Six patients with non-functioning pituitary adenomas (NFPAs; three with macroadenoma) presented with varying symptoms ( Table 1 ). Two of the macroadenoma patients presented with visual field deficits and the third macroadenoma patient was not in anatomical proximity to the optic chiasm.
Current endocrine and metabolic status of entire cohort (nZ41) Hormone replacement Of the 41 patients, 10 currently received pituitary hormone replacement (Table 4 ). Five had anterior panhypopituitarism (GH, thyroxine, cortisol and gonadotrophin deficiency).
Only one patient with CD had central diabetes insipidus. None of the 14 patients with microprolactinoma received any hormone replacement, other than one patient who required oestrogen. Thirteen patients were diagnosed with severe GHD during the entire period of follow-up. Four were diagnosed in childhood. Two of these currently received GH replacement (GHR) to help achieve maximal growth potential; another one was growing well, along the 50th centile for height and declined GHR. The fourth patient is now an adult and fulfils the United Kingdom National Institute for Health and Clinical Excellence (NICE) criteria, including Quality of Life-Assessment of GHD in adults, to continue GH in adulthood. Nine patients were diagnosed with severe GHD in adulthood and two of these were currently receiving GHR.
Of the 28 female patients with prolactinoma, 3 had conceived spontaneously (2 had two children each and 1 had a single child) and 3 required treatment for infertility (one successful pregnancy with clomiphene, another successful pregnancy where treatment is unknown and one awaiting fertility treatment). There have been no documented pregnancies in the five female patients in the cohort with non-prolactin-secreting adenomas; however, it is unknown how many are currently attempting pregnancy. Auxology and obesity Mean BMI and mean BMI SDS of the entire cohort increased from diagnosis to latest follow-up, excluding those with CD whose mean BMI decreased ( 
Discussion
Pituitary adenomas diagnosed in patients aged 21 years or younger are frequently hormonally active, accounting for 35/41 (85%) patients in our study, in keeping with other studies that report 80-97% (3, 4, 6, 7, 10) . Patients typically present with endocrine symptoms in keeping with their adenoma type and visual field deficits were present in only 15% of patients in our study. Detection of visual field deficits may also be dependent on method used for assessment of visual fields therefore it may be difficult to generalise this finding. Other studies on adolescents who had undergone surgery (2, 7) reported higher rates of visual symptoms at presentation (2, 7), however, they did not describe the tools used for assessment of visual fields, thereby making comparison less straightforward. Disruption of menses was the commonest symptom in our series, seen in 85% of female patients, the majority of whom had a prolactinoma. Other studies (2, 6, 9) reported amenorrhoea in 75-100% of patients with prolactinomas. Galactorrhoea was the second commonest presenting symptom in our patients. Weight gain occurred in all patients diagnosed with CD, but also in 6/29 (21%) patients with prolactinoma and 2/6 (33%) patients with NFPA. Short and tall statures were rare in our study similar to other studies (6, (9) (10) (11) .
In common with other studies (6, 7) , prolactinoma was the commonest pituitary adenoma seen in our group (71%), with all except one being female. All but two of our patients were treated with DA as first-line therapy. This is in contrast with other prolactinoma studies (6, 9, 11) . Cannavo et al. (6) described a series of 18 macroprolactinomas, half of which underwent surgery; only 8 patients with macroprolactinomas were successfully treated with DA as first line (6) . Five out of 12 patients with a microprolactinoma from the same study underwent surgery, the indication for which was not stated (6). Colao et al. (9) described 26 patients with prolactinomas, 9 of which underwent surgery before a trial of DA for 'symptoms of tumour expansion' (9), before assessment by an endocrinologist (only 2 were noted to have visual field defects, and 7 had microprolactinoma). After initiation of DA treatment, all 26 patients had normalisation of prolactin within 6-12 months and significant shrinkage in tumour size was seen in 10 patients. The effectiveness of DAs was noted and the possibility that surgery could have been avoided in those nine cases was suggested. All patients remained on DA therapy at publication of the series.
Kunwar & Wilson (11) described that all 78 of their patients with prolactinoma underwent TSS, as surgical management as their first-line treatment. Their reason for this was good outcome (although this was not defined), with long-term surgical cure of 82% as reported in Mindermann's series (10) compared with a need for lifelong DA treatment. They make no mention of subsequent hormone sufficiency/deficiencies or relapse/cure rates in their patients. Our own experience is that DA therapy has been successfully stopped in nine of our patients (seven microprolactinomas and two macroprolactinomas), with no evidence of recurrence (median follow-up after stopping DAs 4 years, range 1-10 years). Based on our experience and given the clinical effectiveness of DAs, the frequency of recurrence of hyperprolactinaemia following surgery (22) and the infrequency of visual problems at presentation, as shown in our series, children and adolescents with both macro-and microprolactinomas, should receive DAs as first-line treatment, as is recommended in adults (22) . CD accounted for 12% of cases in our study and presented with the characteristic stigmata. TSS for removal of ACTH-secreting adenomas can be technically challenging in children and the failure rate even in the most experienced hands can be significant. Cure rates reported from paediatric studies vary between 45 and 97% (14, (23) (24) (25) (26) (27) (28) . Lifelong follow-up is mandatory, due to the possibility of recurrence after initial cure.
Weight gain and obesity occurring as a result of pituitary tumours or their treatment may lead to significant morbidity and mortality. Interestingly, the five patients in our study with the highest BMI at diagnosis (range 33.8-41.3 kg/m 2 ) had prolactinomas; three had lost weight following treatment, however, two had gained significant weight (BMI increased from 35 to 41.2 and 33.8 to 39.5 kg/m 2 ), despite normalisation of prolactin to well within the normal range (prolactin 130 and 11 mU/l respectively). Weight gain in adult patients with prolactinomas and weight loss after treatment remain controversial, with some studies reporting weight loss following normalisation of prolactin (29) , whereas others suggest no effect (30) .
Atherosclerosis (and therefore cardiovascular damage) often begins in childhood and progresses with age (31), with dyslipidaemia in overweight and obese adolescents shown to be associated with higher carotid intima-media thickness (a surrogate marker of atherosclerosis) in adulthood (32) . Adachi et al. (33) found that 39% of children and adolescents with suprasellar tumours were hyperlipidaemic, increasing to 58% in those with a BMI O90th percentile. The same study also found an increased risk of vascular events associated with an unfavourable atherogenic lipoprotein profile.
In the UK, NICE currently recommends that clinicians should consider measuring lipids when investigating co-morbidities in children with BMI R98th centile for age. As both obesity and hyperlipidaemia are important modifiable risk factors for cardiovascular disease, we feel that early identification and weight loss interventions with the aim to reduce both of these factors are extremely important in this patient group and suggest routine measurement of lipids in patients with adenomas.
Pituitary adenomas are familial in about 5% of cases (34) and are known to be associated with MEN-1 syndrome (present in two patients in our series) and also Carney complex; however, recently mutations in the aryl-hydrocarbon receptor interacting protein gene have been identified in some cases of familial isolated pituitary adenoma and, significantly to this series, these mutations have been associated with a lower age of onset of pituitary disease and with larger and more invasive/aggressive tumours (35) (36) (37) (38) (39) (40) (41) . Therefore, routine questioning about family history of pituitary disorders is important in this age group.
In conclusion, this is one of the largest reviews of patients aged 21 or younger at diagnosis of pituitary tumour, seen in a joint neuroendocrine setting, followed up by a single service. Hormonally active tumours are more common than NFPAs, with two-thirds of cases diagnosed as prolactinoma. Treatment with DA is safe and effective, and should be the first-line treatment for prolactinomas. Surgery is required as first-line treatment only in CD and acromegaly or in NFPAs with threat to vision. Increased cardiovascular risk factors (obesity and dyslipidaemia) and infertility are important sequelae and their active identification and treatment are necessary. Genetic association should be considered by taking a careful family history.
